Recently, significant enhancements of e + e − pair production at very low transverse momentum (pT < 0.15 GeV/c) were observed by the STAR collaboration in peripheral hadronic A+A collisions. This excesses can not be described by the QGP thermal radiation and ρ in-medium broadening calculations. This is a sign of coherent photon-photon interactions, which were conventionally studied only in ultra-peripheral collisions. In this article, we present calculations of lepton pair (e + e − and µ + µ − ) production from coherent photon-photon interactions in hadronic A+A collisions at RHIC and LHC energies within the STAR and ALICE acceptance.
The major scientific goal of relativistic heavy-ion collisions carried out at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) is to study the properties of the deconfined state of partonic matter -Quark-Gluon Plasma (QGP) [1] . Dileptons has been suggested as "penetrating probes" for the hot and dense medium created in heavy-ion collisions [2] , because they are produced during the whole evolution and not subject to the violent strong interactions in the medium. Various dilepton measurements have been performed since the early days of heavy-ion collisions [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Of particular interest, a clear enhancement in the low (M ll < M φ ) and intermediate mass (M φ < M ll < M J/ψ ) region [15] has been observed when compared to known hadronic source. The enhancement in the low mass region is consistent with in-medium broadening of the ρ mass spectrum [16] [17] [18] [19] [20] [21] , while the excess in the intermediate mass region is believed to be originated from the QGP thermal radiation [22] .
Dileptons can also be produced by the collision of the two intense electromagnetic fields which accompany the relativistic heavy ions [23] . The electromagnetic field of a relativistic charge particle can be viewed as a spectrum of equivalent photons. The photon flux is proportional to Z 2 , where Z is the charge of the particle. The dilepton production from the electromagnetic interactions can be represented as γ +γ → l + +l − . The equivalent two-photon luminosity is proportional to Z 4 . The strong dependence on Z results in copiously produced dileptons in relativistic heavy-ion collisions. Conventionally, the two-photon process was only studied without background from hadronic processes, i.e. in the so-called Ultra-Peripheral Collisions (UPCs) [24] [25] [26] [27] [28] . In these collisions, the impact parameter (b) is larger than twice the nuclear radium (R A ).
Recently, significant excesses of J/ψ yield at very low transverse momentum (p T < 0.3 GeV/c) have been observed by the ALICE [29] and STAR [30] collaborations in peripheral Hadronic Heavy-Ion Collisions (HHICs). These excesses cannot be explained by the hadronic J/ψ * zbtang@ustc.edu.cn production with currently known cold and hot medium effects taken into account, however, could be qualitatively described by coherent photonuclear production mechanism [31] [32] [33] . Assuming that the coherent photonuclear production is response for the observed J/ψ excess, the coherent two-photon process should be there and contribute to the dilepton production in HHICs. Recently, STAR made measurements of e + e − pair production at very low p T , and indeed, a significant excess with respect to hadronic cocktails in peripheral HHICs was observed in the preliminary results [34] , which points to evidence of coherent photon-photon interactions in HHICs. There are plenty of theoretical calculations on lepton pair production from coherent photon-photon interactions in UPCs [23, 24, [35] [36] [37] [38] [39] [40] [41] , however, the calculations in HHICs are absent on the market to constrain the origin of the excess at present. In this article, we report calculations of lepton pair (e + e − and µ + µ − ) production from coherent photon-photon interactions in hadronic A+A collisions at RHIC and LHC energies within the STAR and ALICE acceptance. The centrality and pair mass dependence of lepton pair production at p T < 0. According to the equivalent photon approximation method, a two-photon reaction can be factorized into a semiclassical part and a quantum part. The semiclassical part deals with distribution of massless photons swarming about the colliding ions, while the quantum part usually involves the description of the interaction between the two emitted photons. The cross section to produce a lepton pair with pair mass W can be written as [36] :
where k 1 and k 2 are the two photon energies and n(k) is the photon flux at energy k. The two photon energies k 1 and k 2 determine the pair mass W and rapidity y:
and
The photon flux induced by nucleus can be modelled using the Weizsäcker-Williams method [42] . For the point-like charge distribution, the photon flux is given by the simple formula
where n(k, r) is the flux of photons with energy k at distant r from the center of nucleus, α is the electromagnetic coupling constant, x = kr/γ, and γ is lorentz factor. Here, K 1 is a modified Bessel function. For realistic case, the charge distribution in nucleus should be take into account for the estimation of photon flux. A generic formula for any charge distribution can be written as [40] :
where the form factor F (q) is Fourier transform of the charge distribution in nucleus. In our calculations, we use two-parameter Fermi distribution (called equivalently Woods-Saxon distribution) for charge distribution in nucleus
where the radius R WS (Au: 6.38 fm, Pb: 6.62 fm) and skin depth d (Au: 0.535 fm, Pb: 0.546 fm) are based on fits to electron scattering data [43, 44] , and ρ 0 is the normalization factor. Figure 1 shows the two-dimensional distributions of the photon flux induced by Au+Au collisions at
GeV as a function of distant r and energy k for pointlike (left panel) and Woods-Saxon (middle panel) form factors. The right panel of Fig. 1 shows the ratio of the differential photon fluxes with Wood-Saxon form factor to those with point-like form factor. One can observe that the difference between photon fluxes obtained with point-like form factor and the result for Woods-Saxon photon source is huge inside the nucleus (r < R W S ). For r R W S , the difference is negligible. In this calculation, for r < 10 fm, we use the photon flux calculated with Woods-Saxon form factor; while at r > 10 fm, the result with point-like assumption is employed.
The elementary cross-section to produce a pair of leptons with lepton mass m and pair invariant mass W can be determined by the Breit-Wheeler formula [45] 
The angular distribution of these lepton pairs is given by
where θ is the angle between the beam direction and one of the leptons in the lepton-lepton center of mass frame. Here, we neglect the effect of the photon p T on the angular distribution.
The approach used in this calculation is very similar to that of the STARlight Monte Carlo [36] , which is popular for UPCs. STARlight has been extensively compared with UPC data, with good agreement found for γ + γ → l + + l − , with data from STAR [25] , ATLAS [26] , ALICE [27] and CMS [28] collaboration. In STARlight, a point-like charge distribution for photon flux is employed and the production for transverse positions within the nucleus is neglected. This approximation is proper for UPCs, because the production inside the nucleus is small. However, comes to the hadronic heavy-ion collision, when the two colliding nuclei are very close to each other, the charge distribution and the production inside the nucleus can not be neglected. In this calculation, we employ the Woods-Saxon charge distribution, and include the production inside the nucleus.
With the convolution of equivalent photon spectra and elementary cross-section,the probability to produce a lepton pair with pair mass W and rapidity y for a collision at impact parameter b can be given by:
(9) The invariant yield for coherent lepton pair production in a selected centrality class can be written as:
with the hadronic interaction probability
where σ NN is the inelastic hadronic interaction cross section, T A ( r) is the nuclear thickness function defined as The b min and b max in Eq. 10 are the minimum and maximum impact parameters for a given centrality bin, and can be determined from the Glauber Monte Carlo simulations [46] . To estimate the uncertainties of the calculation, the Radius R WS and skin depth d in Eq. 6 have been varied by a factor of 2% and 10%, respectively. The extracted relative uncertainty is about 8%.
In hadronic heavy-ion collisions, the coherent lepton pair production is accompanied by violent hadronic interactions occurred in the overlap region, which may impose impact on the coherent production. The possible disruptive effects can be considered into two part: photon emission and production in the overlap region. For photon emission, the photon field travels along with the colliding nucleus and they are likely to be emitted before the hadronic interactions occur by about ∆t ∼ r/c, where r is the distant from the nucleus. The energetic hadronic collisions in the overlap region happen at a small time scale t coll ∼ R W S /γc. Therefore, due to the retarded time effect, the photon emission should be unaffected by hadronic interactions. Furthermore, the photon bremsstrahlung from the nucleons in the overlap region [47, 48] can also contribute to the lepton pair production. The production rate is proportional to Z tons ,which is proportional to Z 4 , the contribution from bremsstrahlung should be small, at least for peripheral collisions (Z eff << Z). For the coherent production in the overlap region, the product may be affected by the violent interactions, leading to the destruction of coherent action. To elaborate this effect, we make calculations without production in the overlap region, it brings down the cross section by about 20%. Because the final product is lepton pair, which is not subject to the strong interactions in the overlap region, the destruction effect should be small. In this calculations, we neglect the possible disruption from hadronic interactions. This is appropriate for peripheral collisions, however, it may be questionable in central collisions, which needs more robust consideration in future work.
The cross-section is heavily concentrated among nearthreshold pairs, which are not visible to existing detectors. So, calculations of the total cross-section are not particularly useful. Instead, we calculate the crosssection and kinematic distributions for two samples, with acceptances that match those used by STAR and ALICE. Figure 2 shows the differential pair mass spectrum filtered to match the fiducial acceptance: daughter track transverse momentum p T > 0.2 GeV/c, track pseudorapidity |η| < 1, and pair rapidity |y| < 1 at RHIC; daughter track p T > 0.2 GeV/c, track |η| < 0.8, and pair rapidity |y| < 0.8 at LHC. The mass spectrums for both electron and muon pair possess little centrality dependence. The production of electron pair in the fiducial acceptance is slightly higher than that of muon pair at low mass region, however, the difference becomes negligible when comes to higher mass region. By comparison with the calculations at RHIC and LHC, one can observe that the mass spectrum at LHC is harder than that at RHIC. Figure 3 shows the integrated yield dN/dy as a function of number of participate nucleons (N part ) for electron (a) and muon (b) pair with gold beams at RHIC and for electron (c) and muon (d) pair with lead beams at LHC. Two curves are shown in each panel: the integrated yield dN/dy for the low mass region (0.4 -1.0 GeV/c 2 , LMR) and the intermedium mass region (1.0 -3.0 GeV/c 2 , IMR). The results are filtered to match the fiducial acceptance. The integrated yield within the fiducial acceptance shows weak centrality dependence. The production rate at LHC is slightly higher than that at RHIC for low mass region (LMR), and the difference becomes significant for intermedium mass region (IMR).
In hadronic heavy-ion collisions, the violent strong in- teractions can also contribute to the lepton pair mass spectrum, which may overwhelm the signals from coherent production. Figure 4 shows the mass spectrum of electron pairs with gold beams at RHIC top energy ( √ s N N = 200 GeV) for 0-10% (a), 10-40%(b), 40-60%, and 60-80% centrality classes, compared to hadronic cocktail simulations without ρ contribution (dash line), in medium ρ mass spectrum (dotted line) and QGP thermal radiation (dash-dotted line). The results are filtered to match the fiducial acceptance: daughter track p T > 0.2 GeV/c, track |η| < 1, pair rapidity |y| <1, and pair p T < 0.15 GeV/c. The hadronic cocktail is a Monte Carlo (MC) simulation performed to account for the contributions from known hadronic sources, which include the decays or Dalitz decays of π 0 , η, η , ω, φ, J/ψ and ψ . The dielectron yields from correlated charm or bottom decays and Drell-Yan production are based on PYTHIA model [49] calculations scaled by number of binary collisions in which parameters have been tuned to published STAR measurements [50] . The procedure is the same as Ref. [12, 13, 51] . The QGP thermal radiation and the broadened ρ mass spectrum are from an effective manybody model [16, 17, 22, 52] , which has successfully explained the SPS and RHIC data. The in medium ρ mass spectrum includes the contribution from freeze-out ρ. For central collisions (0-10%), the hadronic contribution is dominant over the coherent production at relative low mass region(0.4-2 GeV/c 2 ), but they come close to each other at higher mass region. When comes to semi-central (10-40%) collisions, the hadronic background for continuum region is comparable to that of coherent electron pair production. Strikingly, for peripheral collisions (40-80%), one can find that the coherent electron pair production is dominant over the contributions from cocktail, QGP thermal radiation and the in-medium ρ. In comparison with STAR measurements [34] , the calculations could reasonably describe the excess observed at STAR, which points to evidence of coherent photon-photon interaction in HHICs.
In summary, we have preformed calculations of lepton pair (e + e − and µ + µ − ) production from coherent photonphoton interactions in hadronic A+A collisions at RHIC and LHC energies within the STAR and ALICE acceptance. The centrality and pair mass dependence of lepton pair production at p T < 0.15 GeV/c in Au+Au collisions at √ s N N = 200 GeV and Pb+Pb collisions at √ s N N = 2.76 TeV are studied. We also compare the calculated results with the contributions from hadronic cocktails, QGP thermal radiation, and in-medium ρ broadening in Au+Au collisions at √ s N N = 200 GeV within STAR acceptance and find that the coherent electron pair is dominant over the hadronic contributions for peripheral col-lisions, which may account for the significant excess observed at STAR. In present calculations, the possible disruption from violent hadronic interactions is neglected, which needs more robust consideration in future work. This work calls for further experimental and theoretical efforts to confirm the coherent lepton pair production in violent hadronic A+A collisions.
